A monodispersed 15 nm Ni 9 Pt 1 catalyst synthesized via a reverse microemulsion method, shows a lower activation energy than both Ni and Pt catalysts during the methane cracking reaction. Thanks to the synergic effect of Ni-Pt alloy, this catalyst presents a stable H 2 formation rate at 700 C, and forms carbon nanotubes, anchoring the catalyst particles on top.
250 ppm CO was continuously formed. They related this CO formation to the amount/stability of the surface hydroxyl group on the supports. N. Muradov et al. 4 reported a good methane cracking activity on activated carbon catalysts at 850 C, but they also found that carbon-oxygen functional surface groups such as R-COOH, R-OCO, R-OH and R]O resulted in CO formation. For the original activated carbon catalysts, an effluent gas with an initial CO concentration of 0.77 vol% was reported. Therefore, a catalyst that does not provide any "O" is urgently required to decompose methane into CO x -free hydrogen and high value-added graphitic nano carbons.
As an approach, methane cracking over unsupported bulk nickel-based catalysts are proposed by few researchers in Table 1 . The bulk catalysts activity in term of hydrogen yield is remarkably lower than that of supported catalysts, which is probably resulted from the severe agglomeration of bulk nickel particles at high reaction temperatures. Noble metal additives are reported to stabilize supported nickel catalysts and thus to improve both activity and stability during methane cracking, 12, 13 but surprisingly no such literature can be found for bulk nickel catalysts. In present study, a series of platinum doped bulk nickel catalysts with different component and size were synthesized to study their reactivity under different reaction conditions, with the aim of designing a robust bulk nickelbased methane cracking catalyst.
Ni x Pt y catalyst was prepared by hydrazine reduction of Ni(NO 3 ) 2 and/or H 2 PtCl 6 in a water-in-oil (W/O) reverse microemulsion system (see ESI catalysts preparation and Fig. S1 †) . The size of particles synthesized by reverse microemulsion method is reported to be strongly inuenced by watersurfactant molar ratio (R w ) and concentration of reagents.
14 By varying the synthesization conditions as illustrated in Table 2 , Ni x Pt y with same particle size of ca. 30 nm, as well as Ni 9 Pt 1 samples with different particle size of 7-40 nm were prepared in Fig. S2 † and 1, respectively. Pure Ni and Pt samples were also synthesized, whereas Pt sample is with much smaller size (3 nm) than that of Ni (30 nm) prepared at the same microemulsion condition. On Ni x Pt y samples, monodispersed spherical particles can be clearly observed, while high R w and precursor concentration would result in large particle size. On Ni x Pt y samples with same particles size of 30 nm, the XRD patterns in Fig. 2(a) conrm the typical Pt diffraction peaks with no detectable Ni diffraction peaks. Compared to Pt sample, Ni x Pt y samples show a slightly enlarged peaks with a delicate shi to a higher 2q. These suggest Ni is incorporated into the Pt fcc structure to form an alloy phase with lattice contraction.
15,16
Taking Ni 9 Pt 1 as a representative sample, the composition was further investigated by energy-dispersive X-ray spectroscopy (EDX). Fig. 2(b) shows a high angle annular dark eld (HAADF)-scanning transmission electron microscope (STEM) image of a single Ni 9 Pt 1 particle, while the EDX area scan along the green square and line scan along the red dotted arrow are shown in Fig. 2(c) and (d), respectively. Only Ni and Pt characteristic peaks are observed from EDX area scan, while the EDX line scan Ni prole clearly indicates that the Ni content on the surface is signicantly lower than that in the center for this single Ni 9 Pt 1 particle. These suggest that the synthesized Ni 9 Pt 1 has an alloyed Ni-Pt bulk structure, with a Ni-scarce/Pt-rich surface. Deconvolution of Pt 4f and Ni 2p X-ray photoelectron spectroscopy (XPS) regions ( Fig. 2(e) 2 , respectively. The same structures were also conrmed on other Ni x Pt y samples shown in Fig. S3 . † The turnover frequency (TOF) of CH 4 during methane cracking as a function of temperature ranged from 500 to 900 C over Ni x Pt y samples with 30 nm particle size (Ni and Pt are added as control) is presented in Fig. 3 (a). The initial 10 minutes conversion was used to ensure precise control of catalytic activity of the preformed catalysts. Because of endothermic character of methane cracking reaction, high temperature favors large CH 4 TOF value over all tested samples. The apparent activation energies (E a ) at the temperature ranged from 500 to 900 C calculated from the Arrhenius plots are further plotted with catalysts composition in term of Ni/(Ni + Pt) molar ration as illustrated in Fig. 3 The structures of catalysts with different Ni/Pt ratio were estimated by density functional theory (DFT) study (see ESI † DFT study), in order to understand their methane cracking performance in Fig. 3(b) . On Ni 48 Pt 7 with Ni/(Ni + Pt) ratio of 0.9, in the temperature range of 547-794 C, the DFT study indicates a random alloy-like structure with majority of Pt are incorporated into the core of the nanocluster and the minority remaining on the surface, as shown in Fig. 4(a and b) ; however, for Ni 28 Pt 27 with Ni/ (Ni + Pt) ratio of 0.5, a higher temperature than 1000 C is required to form such random alloy-like disposition. Between 157 and 702 C, a considerable amount of Pt is estimated as fully segregated on the surface and the other randomly distributed outside and inside the nanocluster, as shown in Fig. 4(c-e) . Therefore, for Ni-Pt sample with Ni/(Ni + Pt) ratio of 0.9, the synergic effect between Ni-Pt alloy would help to signicantly decrease the activation energy during methane cracking at 500-900 C. The further methane cracking testing in terms of methane conversion and stability with the time on stream of 60 minutes were further investigated at 500-900 C shown in Fig. S4 . † Obviously, adding Pt to Ni improves both activity and stability. Compared to Ni sample, the increment of activity on Ni x Pt y is resulted from the lowering of E a , whilst the better stability is probably owing to the thermal stability reinforcement of Ni particles by Pt additive. Especially on Ni 9 Pt 1 sample, at the temperature 500-700 C, stable methane conversions are achieved; even at a very high reaction temperature of 800 C, only a little deactivation of 10% methane conversion decrease is detected during 60 minutes. During methane cracking on Ni catalysts, three main steps are assumed to occur: 3 (i) CH 4 bond activation to be decomposed into H 2 and carbon, (ii) atomic carbon diffusion through the bulk or the surface of Ni particles, and (iii) precipitation as graphite at specic planes of Ni. The crystallinity and graphitization degree of the deposited carbon on Ni 9 Pt 1 are explained based on the peak intensity ratio value (I D /I G ) of Raman spectra 9 in Fig. 5 , and the values are found to be decreased with temperature increment from 500 to 900
C. This indicates a higher reaction temperature favors the formation of a higher graphitization of the deposited carbons. However, it is oblivious that high temperatures of 800-900 C is not favorable for methane cracking stability; whilst distinct carbon morphologies were conrmed on spent catalysts between 500-700 C and 800-900 C shown in Fig. S5 . † At a high reaction temperature, methane decomposition to carbon is reasonably assumed to proceed with a much higher rate than that of carbon diffusion, which may result in the carbon diffusion through Ni surface prevailing on Ni bulk. This explains the formation of CNO on 800-900 C spent sample; and due to the encapsulation of catalysts by CNO as in Fig. S5(d and e) , † a quick and severe deactivation can be evidenced. At a low reaction temperature, when the atomic carbon moves through the bulk of Ni particles and precipitates at the rare side of the Ni particles, the continuous formation of CNT would be favored as shown in Fig. S5(a-c) . † Therefore, considering both activity and stability, 700 C can be concluded as an optimized reaction temperature for methane cracking on Ni 9 Pt 1 . The inuence of space velocity (SV) on H 2 formation rate during methane cracking was further discussed at 700 C on Ni 9 Pt 1 in Fig. 6 . Although a high SV increases a high initial H 2 formation rate, it accelerates the deactivation with time on stream. A total deactivation can be seen during only 30 minutes methane cracking on Ni 9 Pt 1 at the highest SV of 1 L g cat À1 min À1 ; whereas at a low SV of 0.25 L g cat À1 min À1 , the sample shows a relatively stable H 2 formation rate for 120 minutes. The TEM analyses in Fig. 7 indicate two kinds of CNTs formation over spent Ni 9 Pt 1 aer methane cracking at 700 C with different SV. Bamboo-shaped CNTs encapsulating catalysts inside the tubes were observed on sample reacted at high SV, whereas the low SV spent sample mainly presented CNTs anchored to metal nanoparticles on the tip. The melting point of metallic Ni is around 1455 C, Ni particle may change its shape only at a temperature above its Tamman temperature of 728 C. Because methane cracking is an endothermic reaction, the temperature around Ni particle surface is, therefore, at somewhat overheat state, with respect to its surrounding temperature. As a result, also considering the melting-point depression at nano particles, the Ni 9 Pt 1 particle of 30 nm may transfer into a quasi-liquid state even at a reaction temperature of 500 C. 20 Therefore, under the combination action of surface tension of the particle and stress of the CNT tube, the Ni 9 Pt 1 particle shape may be changed from sphere to pear-like ( Fig. 7(a) ), stretched tube-like (Fig. 7(b) ) and diamond-like shapes (Fig. 7(c-e) ).
"Jumps" of the catalyst particles out of the graphite sheath to the top of the tube at regular time intervals is well known to explain the formation of CNTs.
21 When a compressive force from the preferential precipitation of carbon atoms is weaker than the surface tension of the catalyst particle, the portion of the sucked and stretched catalyst would be pulled back to continually make carbon precipitate out and crystallize in the form of a cylindrical network on the surface of the catalyst particle and nally grow into tubular structures. However, if the precipitation rate is accelerated a lot by increasing the SV, the stretched part of a particle could not be completely pulled back, a droplet of the catalyst particle would be kept in the compartment of the tube, and thus form bamboo-shaped CNTs trapped metal particles inside.
The carbon yield during a 120 minutes methane cracking on Ni 9 Pt 1 at 700 C are plotted as a function of the Ni crystal size in Fig. 8 . It is interesting to see the carbon yield is very sensitive to Ni crystal size in the range of 7-40 nm. The optimized Ni size is illustrated as near 15 nm, while Ni crystals that are too large or too small showed a low carbon yield. As explained by Fig. S5 , † at 700 C methane cracking, CNT would be preferred to grow on Ni particles. Obviously, the methane decomposition rate on the surface of a Ni particle with a small crystal size must be very high, because of a large surface area. In such case, the carbon atom diffusion through Ni bulk would the rate-determining step. The carbon concentration gradient between the Ni surface and body usually leads to the carbon diffusion through Ni bulk particles. A small Ni particle may result in a higher carbon concentration inside Ni than that of Ni surface, 22 which would lower the driving force for the carbon diffusion through the Ni crystals. Therefore, although a small crystal size of Ni can provide a high diffusion ux area and a shorter bulk diffusion length, a low carbon atom diffusion rate through Ni bulk may result in the catalyst fast deactivation and thus a low carbon yield. On the other hand, too great a Ni particle size yields a slow methane cracking rate on the surface due to the low surface area, which reduces the carbon formation. Therefore, an optimal crystal size of Ni of around 15 nm was found to exhibit highest carbon yield, probably because of relatively high initial cracking rate and slow deactivation.
In summary, bulk Ni-Pt catalysts with different composition and particle size were synthesized via a reverse microemulsion method for methane cracking. The Ni 9 Pt 1 sample exhibits the lowest apparent activation energy, which probably results from the synergic effect of the Ni-Pt alloy. Furthermore, the Ni 9 Pt 1 sample with particle size of around 15 nm tested at a reaction temperature of 700 C and a low SV of 0.25 L g cat À1 min À1 , is nally optimized to get the best methane cracking performance in terms of carbon yield and H 2 formation rate.
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